The geometries and electronic structure of molecular ions containing helium (He) atoms complexed to sodium (Na), magnesium (Mg) and aluminium (Al) cations have been studied computationally using density functional and wavefunction-based methods. The complexation of He atoms depends on the charge on the metal centre. While complexation with Na + and Mg 2+ is very weak, that with Al 3+ is found to be strong. The highest coordination number (N) for AlHe 3 N + is found to be 11, which is a true minimum in the potential energy surface. Topological analysis within the realm of quantum theory of atoms in molecules reveals closed-shell interaction in these systems.
NOBLE gases are unreactive except under extreme conditions. Among the group members, the first noble gas, i.e. 'helium' is the most unreactive because of its high ionization energy of 577 kcal mol -1 (or 25 eV) 1 . Based on density functional theory and high-level ab initio method, Kaltsoyannis 2 predicted the formation of 17 coordinate helium-actinide complexes. This is surprising because in spite of having very high ionization energy, helium is still able to form complexes with metals. The possibility of highest coordination number for an atom is known as the generalized Gregory-Newton problem which is related to the problem of how many spheres of a given radius R can be packed around a unit sphere 3 . Hermann et al. 4 showed that the interaction of Pb 2+ with He atoms resulted in the formation of PbHe 2+ 15 having a Frank-Kasper polyhedron 5 . Such species with higher coordination number have been found only in liquid state 5 . In regular icosahedral structures such as rare-gas clusters and metallic clusters with N = 12 (where N is the maximum coordination number of ligands interacting with the central atom), stable structures have been reported 6 . In solid state, such as hexagonal closed packing and face-centred cubic structures, coordination number up to N = 12 was predicted but resulted in denser packing 7 . In binary inter-metallic alloys, coordination number 14, 15 and 16 was also found 8 . Using a genetic algorithm-based crystal structure search method together with the first-principles total energy and geometry relaxation method, Dong et al. 9 explained that helium forms stable solid compound with sodium (Na 2 He) under high pressure. Recently Liu et al. 10 have shown that helium forms a stable complex with water under high pressure.
Hotokka et al. 11 have carried out complete active space self-consistent field (CASSCF) calculations on AlHe 3+ and reported the dissociation energy (D 0 ) as 27.4 kcal mol -1 and equilibrium bond length to be 1.67 Å. Reho et al. 12 measured the laser-induced fluorescence spectra of Al atoms solvated in superfluid helium nanodroplets and concluded that these atoms reside in the interior of the helium droplets. Jeff et al. 13 reported the first example of Al atom in the excited state becoming attached to helium nanodroplets. Supported by ab initio calculations, they showed that the metastable Al atom prefers to stay on the surface rather than moving to the interior. The interesting chemistry of helium with aluminium has prompted us to explore the coordination chemistry between them. We have selected Al in +3 oxidation state because most of the previous studies considered neutral Al atom 12, 13 and very few studies are related to charged Al atom 11 . The selection of high oxidation state of Al is driven by the fact that Hermann et al. 4 have previously noted that the formation of higher coordination is expected with charged species. Moreover, to study the effect of charge on the stability of these complexes, we have also included other charged p-block metals such as Na + and Mg 2+ in this study. All the structures were fully optimized without any symmetry constraints at PBE 14 , B97XD 15 , PW91 (ref. 16 ) and MP2 (ref. 17 ) level of theory using aug-cc-pVDZ basis set. We have used dispersion-corrected functional as implemented in B97XD, as the interaction between the metal centre and He atom is non-covalent. Further, for comparison, we have performed the composite CBS-QB3 calculations. We have used ultrafine integration grid during optimization and the geometry convergence criteria were tightened from the default via IOP (6/7 = 67) which produces 10 -4 au for the maximum force. Harmonic vibrational frequency calculations were also performed to understand the nature of the stationary states. All structures were found to be true local minimum with all real frequencies. Zero point corrections were included during incremental binding energy calculations. All geometry optimization and frequency calculations were performed using Gaussian16 suite of programs 18 . The topological analysis of electron density was done within the framework of quantum theory of atoms in molecules (QTAIM) 19 using Multiwfn program code 20 . Figure 1 shows the potential energy curves for the interaction of Al 3+ with a single molecule of He calculated using both wavefunction-based (CCSD(T)) as well as density functional-based (PBE) methods. The system is well defined by a single reference electronic configuration as both He and Al 3+ are closed-shell systems, and it is expected that CCSD(T) in conjunction with aug-ccpVDZ basis set will produce good results. Both CCSD(T) and PBE curves are almost identical to each other with the equilibrium Al 3+ -He distance close to 1.7 Å. A similar approach was used by Hermann et al. 4 for the interaction between Pb 2+ and a single He atom. Table 1 shows these geometrical parameters. It is to be noted that for N = 11, we get a first-order saddle point which on relaxation leads to a true local minimum (Figure 2 ). The energy difference between the first-order saddle point and the local minimum is only 4.5 kcal mol -1 . The observation of a first-order saddle point for N = 11 prompted us to interpret that structural stability has been reached. Here 'structural stability' denotes the maximum number of He atoms that can be accommodated in the first coordination sphere of the metal ion. The observation of a first-order saddle point for N = 11 may indicate that this might be the highest number of He atoms that can be accommodated inside the first coordination sphere. Interestingly, the N = 12 structure is a true local minima while N = 13 is a second-order saddle point. This has also led us to interpret that the highest coordination number possible is 12. However, the incremental binding energy calculation reveals that the highest coordination number possible is not 12 but 11, as the binding energy for the addition of the 12th He atom to AlHe 3+ 11 is negative.
We have calculated the incremental binding energy (E IB ) for each molecule using eq. (1) (Table 2 ) because this method is widely used to obtain accurate energies of molecules. Figure 3 shows the E IB values (kcal/mol) with increase in the value of N. It is evident from Table 2 and Figure 3 that E IB values calculated using PBE and PW91 functionals are very close to the composite CBS-QB3 values
The trend in E IB values calculated at different levels of theory is similar. However, MP2 and B97XD values are lower than the composite CBS-QB3 values (Table 2) . PBE and PW91 values are closer to the CBS-QB3 values.
The E IB values decrease gradually up to N = 5. Local maximum in the E IB values is found for N = 6 and 8, indicating their structural stability. A steep decrease from N = 6 to 7 indicates disruption of the octahedron. Increase in E IB value for N = 8 may be attributed to another stable structure. All these structures represent true local minimum in the potential energy surface. Interestingly, the icosahedral structure (N = 12) is also a local minimum; however, the calculated E IB value is negative (Table 2) , which indicates that the limiting highest coordination number is 11.
We have calculated the binding energy of NaHe + N and MgHe 2 N + clusters to study the effect of charge on the stability of the complexes. Table 3 shows the binding energy data calculated at PBE/aug-cc-pVDZ level of theory. . This is in accordance with Jeff et al. 13 who showed that the interaction of neutral Al atom with He is almost negligible, and thus the Al atom prefers to stay on the surface rather than moving to the interior of the He nanodroplets. Thus the binding energy values increase with increase in charge of the central metal, suggesting stronger interaction with charged species, which is also in accordance with Hermann et al. 4 . Further, the topological feature of the electron density of this interaction has been analysed within the realm of QTAIM 19 . Table 4 shows the QTAIM parameters. The average value of electron density at the Al-He bond critical points is very low. The Laplacian of electron density 21 have studied the bonding motif of noble gas compounds and suggested that local electronic energy density (H(r) or, the opposite of Hamiltonian electron kinetic energy density) may provide information regarding the nature of non-covalent interaction. H(r) is positive for all the cases. A positive value of  2  (av) and H(r) clearly indicates the closed shell (or non-covalent) nature of this interaction. The average electron density at the Al-He bond critical point is found to correlate well with the average Al-He distance and E IB values ( Figure 5 ).
In conclusion, the present study revealed that the limiting highest coordination number possible for AlHe 3 N + is 11, which is also supported by incremental binding energy calculations. This structure contains all the 11 He atoms in one shell and the stability of this species suggests that this can be identified by mass spectroscopic methods. The versatility of He has triggered Hermann et al. 4 and Kaltsoyannis 2 to speculate coordination number of 15 and 17 for Pb 2+ and Ac 3+ respectively. It may be noted that these two ions have larger radii compared to Al 3+ (ref. 22) . To the best of our knowledge, this is the highest coordination number ever reported, especially for a small Al 3+ ion having a radius of only 0.53 Å (ref. 22 ).
